Abstract: Dermis is the major source of the fluorescence and light scattering of skin. Tumor-induced degradation of the dermis is expected to change the fluorescence and light scattering properties of skin. To investigate how these fluorescence and light scattering properties are changed, human skin dermis was degraded with enzymes to mimic tumor invasion. The enzymatic erosion process was investigated with fluorescence and reflectance spectroscopy. Dermis degradation by the enzymes resulted in a decrease in fluorescence emission and light scattering in the dermis. Fluorescence anisotropy, however, could not detect the change in the dermis induced by the enzyme treatments. Kramer Jr, "Laser-induced fluorescence microscopy of normal colon and dysplasia in colonic adenomas: implications for spectroscopic diagnosis," Am.
Introduction
Decreased tissue fluorescence has been observed to be associated with tissue malignancy in many tissue types [1] . The decrease of tissue fluorescence has been attributed to the loss of collagen fluorescence in colon [2, 3] , cervix [4] [5] [6] , esophagus [6, 7] , ovary [8] , and skin [7, [9] [10] [11] [12] , as the tissues progress towards malignancy. In addition, tissue scattering is also changed due to the structural changes of the connective tissue associated with tumor progression [5， 13，14]. Studies of skin cancer have demonstrated that collagen matrix is reduced at the locations where tumor cells reside [15] . The residual collagen structures in skin cancer are associated with collagenase, suggesting a role of the collagenase in facilitating extracellular matrix breakdown and tumor invasion [16] . Therefore, as the collagen in the dermis surrounding the tumor is lost, the scattering should decrease and become lower than in the normal dermis.
Collagen cross-links are major fluorophores of the connective tissue. Decreased collagen fluorescence in the tumor tissue is ascribed to a reduced number of collagen cross-links in the tumor stroma, which is suggested to be the result of the degradation of collagen fibers by the collagenases secreted by the tumor and stromal cells [4] [5] [6] . The decrease of fluorescence by basal cell carcinomas (BCC) is greater than that by squamous cell carcinomas (SCC), suggesting a more extensive invasion of the dermis by BCC than by SCC [11] .
The changes of collagen fluorescence and scattering properties can occur in the early stages of cancer development [14, 17] . Therefore, optical techniques, such as fluorescence and reflectance spectroscopy, can be useful in probing the events occurring in the early stages of cancer development. In this study, tumor invasion of the dermis was experimentally modeled using dermis prepared from cadaver skin. Dispase was used to break down the basement membrane on the dermis to mimic the earliest step of tumor invasion. To model later tumor invasion into the dermis, dispase was used to completely remove the basement membrane [18] , and Type I collagenase was applied to the dermis to partially erode the matrix structure of the dermis. Fluorescence spectroscopy with non-polarized illumination was used to investigate how the enzymatic degradation of the dermis changes the intensity of the fluorescence emission of the dermis. Reflectance spectroscopy with polarized illumination was used to investigate the enzyme-induced changes of the scattering property of the dermis, since the degree of linear polarization (DLP) calculated with the partially polarized backscattered light from the dermis provides information about multiple scattering within the dermis, where increased scattering tends to depolarize incident polarized light to a greater extent, leading to a lower DLP [18] . Since enzymatic erosion of the dermis may also change the physicochemical properties of the collagen fluorophores and their microenvironment, fluorescence anisotropy of the enzyme-treated dermis was also investigated using fluorescence spectroscopy with polarized illumination. Figure 1 shows the fluorescence and reflectance spectroscopy set-up. An HBO 100W mercury arc lamp (Osram, Danvers, MA) was used as a light source. Excitation light was selected by three excitation bandpass filters (350nm±20nm, 360nm±20nm, and 375nm±20nm, Chroma Technology) mounted on a Lambda 10 filter wheel (Sutter Instruments, Novato, CA). A dichroic mirror (390nm) was used to reflect the UV excitation light which was coupled into an illumination fiber. Two multimode silica-core optical fibers (Thorlabs, Newton, NJ) with the core diameter of 1mm and NA of 0.22 were used to deliver the excitation light and collect fluorescence emissions. The distance of the fiber tip to the sample surface was 1 cm for both the illumination and collection fibers. The excitation light beam was normal to the sample surface. The angle between the illumination and collection fibers was 45°. The first linear polarizer (polarizer) was a UV passing glass polarizer (Edmund Optics). The polarization axis of the polarizer could be set to be either parallel or perpendicular to the scattering plane which was defined by the excitation light beam and the light path of the backscattered light collected by the collection fiber. The second linear polarizer (analyzer) consisted of a pair of film polarizers (Edmund Optics) oriented orthogonally to one another. The polarization axis of one of the pair of film polarizers was set to be parallel to the scattering plane and the polarization axis of the other of the pair was set to be perpendicular to the scattering plane. The film polarizers passed light of wavelengths greater than 380nm. A custom-designed holder was used for the fibers, the polarizer, and the analyzer to ensure reproducible positioning. The collection fiber was connected to a USB2000 fiber optic spectrometer (Ocean Optics, Dunedin, FL) as the detector. Both the filter wheel and the spectrometer were controlled by a PC. For reflectance spectroscopy, a LS-1 tungsten halogen light source (Ocean Optics, Dunedin, FL) with a 1.0 neutral density filter was used. A multimode optical fiber same as those described above was used to deliver the halogen light. Fluorescence and reflectance spectra collected by the spectrometer were displayed and stored on the PC. To collect non-polarized spectra, the linear polarizers were removed from the light path. Fluorescence and reflectance spectroscopy set-up. For fluorescence spectroscopy, fiber 1 was used for illumination. For reflectance spectroscopy, fiber 3 was used for illumination. Fiber 2 was used to deliver either fluorescence emission or reflectance from the sample to the spectrometer. The inset shows the details of the light paths near sample surface and the polarization orientation of the polarizer and the analyzer.
Materials and methods

Experimental setup
Enzymatic degradation of acellular dermis
Skin samples were collected from a local tissue bank. Acellular dermis (hereinafter referred as dermis) was made using methods described in literature [20] . The dermis of about 1mm thick was cut with a sterile scalpel into small pieces of about 10mm×20mm. For enzyme treatment, one piece of dermis was transferred to one well of a six-well tissue culture plate (Greiner Labortechnik) with the papillary dermis side facing up. A sterile stainless steel ring with an inner diameter of 8mm was placed on the dermis. A 0.5ml aliquot of 1.2U/ml dispase (SigmaAldrich) in acetate buffer (1mM sodium acetate, 5mM calcium acetate, pH 7.50) was placed into the ring, and the rest of the dermis was submerged with 3 ml of acetate buffer. To determine the time required for dispase removal of the basement membrane, three pieces of dermis were treated with dispase and incubated at 37°C in a water-saturated incubator (NAPCO). The dispase-treated dermis was removed at incubation times of 1, 2, and 3 hours, fixed in 10% formalin, and stained with periodic acid-Schiff staining (PAS staining) for the basement membrane [19] .
To model the process of tumor-associated degradation of the dermis, eight pieces of dermis were placed in the wells of two six-well tissue culture plates. Two pieces of dermis were treated with acetate buffer only as a control (hereinafter referred as dermis control). The remaining 6 pieces of dermis were treated with dispase. All of the dermis samples were incubated at 37°C in the incubator. One piece of dermis was removed for spectroscopy after 1-hour incubation with dispase; all others were incubated for 2 hours (time determined in this study to remove the basement membrane). One piece of dispase-treated dermis and one piece of dermis control were removed for spectroscopy after 2 hours of incubation. The remaining 5 pieces of dermis were rinsed 3 times with Hank's balanced salt solution (HBSS) buffer (pH7.50). A 0.5ml aliquot 100U/ml Type I collagenase (Sigma-Aldrich) solution in HBSS (pH 7.50) was added to the dispase-treated area on each of the 4 pieces of dermis in the same way as for the dispase treatment. The rest of the dermis was submerged with 3 ml of HBSS. The dermis control was submerged with 3.5ml of HBSS buffer only as a control. The remaining dermis samples were again incubated at 37°C in the incubator. The collagenase- 
Fluorescence and reflectance spectroscopy of the dermis
Collagen fluorophores that contribute to the fluorescence of dermis are complicated and largely unknown. Enzymatic degradation may cause different changes to the collagen fluorophores. Since the collagen fluorophores can be excited by UVA light [21] , three excitation wavelengths at 350, 360 and 375nm were used in this study to better characterize the complex nature of dermal fluorescence. These 3 excitation wavelengths are optimal for the excitation of Type I, Type III, Type IV collagen, and elastin [22] , all of which are components of the dermis. The dermal fluorescence spectra excited at these 3 wavelengths showed a redshift with increasing the excitation wavelength (data not shown).
The dermis samples were rinsed 3 times with sterile deionized water after enzyme treatment. Fluorescence and reflectance spectra were collected from 2 different sampling areas on each piece of dermis, one area being enzyme-treated and the other being an adjacent untreated control area. For the dermis control, one sampling area was on one half of the dermis and the other sampling area was on the other half. The dermis samples were kept moist during the measurement by adding drops of sterile deionized water to the edges of the samples. To investigate the changes of fluorescence intensity induced by enzymatic degradation, two non-polarized fluorescence spectra were collected at each excitation wavelength from each sampling area on the dermis. Sequential polarized fluorescence spectra were then collected with the polarization orientation between the polarizer and analyzer set as parallel, perpendicular, perpendicular, and parallel. The polarization orientation of the illumination light was set as parallel to the scattering plane. Polarized reflectance spectra were collected in the same manner immediately following the collection of the polarized fluorescence spectra. The fluorescence anisotropy (FA) and DLP were calculated as, where I is the intensity of a spectrum, and f and r refer to fluorescence and reflectance spectra, respectively, and // or ⊥ represent either parallel or perpendicular alignment of the polarizer and analyzer [23] . The two parallel and two perpendicular polarized spectra were averaged, respectively. FA and DLP were then calculated with the averaged spectra.
Results
Fluorescence emission of dispase and collagenase treated dermis
The dermis was treated with the enzymes for differing times and the fluorescence spectra for both the enzyme-treated area and its adjacent control area on the dermis were collected. As a reference, fluorescence spectra were also collected from two sampling areas on the dermis controls. The enzyme treatment did not lead to a noticeable decrease of the thickness of the dermis. The fluorescence measurements were repeated on 9 batches of dermis on different days. The fluorescence spectra were averaged over the two measurements taken on each sampling area; no photobleaching was observed when comparing the two measured fluorescence spectra from the same sampling areas. To compare enzyme-induced fluorescence changes, fluorescence spectra ratios were calculated by ratioing the treatment area spectra to the control area spectra. The fluorescence spectra ratios calculated for the 9 batches of dermis were averaged. The average fluorescence spectra ratios of the enzyme-treated dermis for 360 nm excitation are shown in Fig. 2 . The fluorescence spectra ratios of the two dermis controls are very flat and equal to unity, showing the reproducibility of the spectra generated within a sample. After a 1 hr treatment with dispase, the fluorescence spectra ratio is still flat but has decreased slightly. After treatment with dispase for 2 hrs, the fluorescence spectra ratio is no longer flat, but decreases considerably with increasing emission wavelength to a value near 0.85. For all subsequent treatments with collagenase, the fluorescence spectra ratios are basically unchanged regardless of the collagenase treatment time. Fig. 2 . Average fluorescence spectra ratios of the dermis treated with dispase and collagenase. The data of the two dermis controls were averaged over 8 batches of dermis. Since the behavior is relatively independent of the excitation wavelength, only data for 360nm is shown. Fig. 3 . The average ratio of total fluorescence is shown as a function of total enzyme treatment time. Data show the means and standard deviations for 8 batches of dermis. After 2hrs of treatment with dispase, the total fluorescence intensities at all 3 excitation wavelengths significantly decreased as compared to the control (p<0.001) and 1hr treatment with dispase (p<0.05). No significant decrease in the total fluorescence intensities was observed for 1hr treatment with dispase.
To quantify the changes in the fluorescence emissions, the total fluorescence for a sampling area was calculated from the fluorescence emission spectra by integrating over the entire spectral range from 420nm to 600nm. The ratio of the total fluorescence in the treatment area to the control area on each piece of dermis was calculated. The average ratios of total fluorescence were calculated from 8 batches of dermis and the results are shown in Fig. 3 . A sharp decrease of the fluorescence emission occurred during the first 2 hrs of treatment with dispase. The subsequent treatments with collagenase did not cause any additional decrease of the fluorescence emission. The enzyme-induced changes in the fluorescence emission are very similar for all 3 excitation wavelengths.
Fluorescence anisotropy of dispase and collagenase treated dermis
To investigate if enzymatic erosion changes the physicochemical properties of the collagen fluorophores and their microenvironments and to determine if enzymatic treatment results in excitation wavelength dependent changes in the fluorescence anisotropy, polarized fluorescence spectra were collected on the enzyme-treated dermis. The fluorescence anisotropy for each piece of dermis was calculated at each excitation wavelength. The fluorescence anisotropies were averaged over 9 batches of dermis. No excitation wavelength dependent difference in the fluorescence anisotropies were observed on the enzyme-treated dermis (Fig. 4) . Considering that no difference is detected between the fluorescence anisotropies and between the decreases of the fluorescence emission from the 3 excitation wavelengths, the results suggest that the excitation wavelengths seem to target the same fluorophores, or the enzymes non-differentially digest all the fluorophores which are excited with these 3 excitation wavelengths. The representative fluorescence anisotropies of the enzyme-treated and control areas are shown in Fig. 5 . The fluorescence anisotropies were averaged over 9 batches of dermis; results are shown for 360nm excitation. For all the treatment conditions tested, no significant differences are observed between the enzyme-treated and control areas. Thus, it appears that the enzymatic degradation of the matrix did not change the rotation ability of the collagen fluorophores.
Dispase and collagenase treated dermis probed with polarized reflectance
To investigate whether enzymatic erosion changes the optical scattering properties of the dermis, polarized reflectance spectra were collected from the enzyme-treated dermis as previously described. The DLPs were calculated from the spectra collected on 9 batches of dermis and averaged. The average DLPs of the backscattered light from the enzyme-treated and control areas on the dermis are shown in Fig. 6 . The average DLPs of the enzyme-treated and control areas are nearly identical for up to 4 hrs of total enzyme treatment. However, after 6hrs of enzyme treatment (2 hrs of dispase followed by 4 hrs of collagenase), the average DLP of the enzyme-treated areas increased appreciably relative to the control areas. The average DLP continued to increase with increased collagenase incubation time. The average DLPs of the treatment and control areas are replotted in Fig. 7 . No change of the DLP is seen in any of the control areas. In addition, no change of the DLP is seen with the basement membrane degradation by dispase. However, The DLP increased with increasing the time of collagenase treatment, indicating a loss of scattering structures, most likely collagen fibers, in the dermis. It should be noted that collagen fibers are not only scattering structures but also birefringent structures. Linear birefringence in the dermis also contributes to the depolarization of the initially polarized incident light [24] . With the destruction of the collagen fibers by the enzymes, linear birefringence might decrease. Therefore, in addition to decreased scattering, a decrease in birefringence might also contribute to the increase of the DLP. 
Discussion
Previous studies have revealed that a decrease in fluorescence emission and light scattering is associated with tissue malignancy in various tissue types, including skin. Collagenase-induced dissolution of the extracellular matrix has been suggested to be the cause of the reduction of the fluorescence emission and light scattering of the malignant tissue. In this study, enzymatic erosion of the dermis was employed to mimic the breakdown of the dermis during tumor progression. Fluorescence and reflectance spectroscopy were used to detect the enzymeinduced changes of the dermis. Due to the complex nature of the fluorophores in the dermis, the excitation wavelengths of 350nm, 360nm, and 375nm were used in this study. However, enzymatic degradation of the dermis, either by the dispase to remove the basement membrane or by the Type I collagenase to break down the Type I and Type III collagen structures, did not show any excitation wavelength-dependent changes in the fluorescence emission. The 3 excitation wavelengths may target the same fluorophores, which could be the collagenasedigestible collagen cross-links [21, 25, 26] . Alternately, the actions of dispase and collagenase may have no specificity for any of the different types of fluorescent cross-links in the dermis. Collagenases specifically cleave some peptide bonds on the α chains of the collagen molecule but not the cross-links of the collagen fibril [27] . The resulting collagen fragments spontaneously denature at temperatures greater than 33 [27] . Therefore, the cleavage of the dermis by the collagenases may lead to a uniform degradation of all the various fluorophores in the dermis.
The fluorescence anisotropies of the dermis excited at the 3 excitation wavelengths did not show any excitation wavelength dependency. This, again, may be due to the same fluorophores being excited by all 3 excitation wavelengths, or to the different fluorophores having similar rotational diffusion rates. The fluorescence anisotropies of the dermis did not show any changes with the enzyme treatments at any of the excitation wavelengths. It appears that the enzyme treatments did not change the physicochemical properties of the remaining fluorophores and their microenvironment but simply destroyed the fluorophores. It can be concluded from these results that the fluorescence measurements of the enzyme-treated dermis with the excitations at 350nm, 360nm, and 375nm provide redundant information.
Enzymatic erosion of the dermis appreciably decreased the fluorescence emission relative to the untreated control in this study, especially during the first 2 hrs of incubation with the dispase. Extended treatment of the dermis with the Type I collagenase did not result in a further decrease in the fluorescence emission. Dispase specifically cleaves Type IV collagen but only minimally degrades Type I collagen [28] . This study has determined that the basement membrane structure, namely Type IV collagen-rich lamina densa, was totally removed by 2 hr incubation with the dispase (data not shown). Thus, the sharp decrease in the fluorescence emission during the first 2 hrs of treatment with the dispase was most likely due to the degradation and destruction of the fluorophores within the lamina densa. Why did the subsequent treatment with the Type I collagenase not cause a further decrease in the fluorescence emission? Several explanations are possible. One explanation is that the Type I collagenase destroyed the fluorophores in the papillary dermis by gradually removing this part of the dermis through the prolonged incubation. Since the papillary dermis is considerably thinner (about 100μm) and has lower fluorescence emission than the reticular dermis as observed in this study (data not shown), the removal of the papillary dermis might lead to excitation of more fluorophores in the reticular dermis, and thus, stronger backscattered fluorescence emission which might counteract the reduction of fluorescence emission due to the erosion of the papillary dermis. Another explanation is that the collagenase cleaves the specific peptide bonds on the α chains of the collagen molecule but not the cross-links of the collagen fibril. Thus, collagen monomers might be cleaved but the fragments would still be held in place by the cross-links. As a result, the fluorophores may survive the enzyme treatment. The first explanation seems more reasonable, since some pieces of the dermis incubated with the Type I collagenase for long times (i.e. 16 hours) showed that the enzymetreated areas were eroded a very little bit.
The polarized reflectance is not as sensitive as the fluorescence emission in detecting the early changes of the dermis resulting from the enzyme treatment. The DLP of the enzymetreated dermis only increased appreciably relative to the control after 2 hrs of dispase treatment followed by 4 hrs of collagenase treatment. The DLP of the enzyme-treated dermis increased further with the prolonged incubation with the Type I collagenase. Enzymatic erosion destroyed the scattering and birefringent structures in the dermis, namely the collagen fibers, and more collagen fibers were destroyed during the prolonged treatment with collagenase, thus leading to a higher DLP of the enzyme-treated dermis. The measured DLP is lower from the papillary dermis than the reticular dermis (data not shown). Thus, loss of the papillary dermis by the enzyme treatment may also contribute to the increase in DLP. However, the enzymatic degradation of the collagen fibers in the dermis might be the major cause, since the DLP of the enzyme-treated dermis increased further with the prolonged incubation with the Type I collagenase.
In summary, the structural changes of the dermis induced by the enzymes can be monitored with fluorescence emission spectroscopy and polarized reflectance spectroscopy. In this study, the fluorescence emission and light scattering as well as the birefringence of the dermis decreased with the enzyme treatment. These results support the literature findings with in vivo and ex vivo tissues that tissue malignancy leads to decreased fluorescence emission and light scattering in the tumor stroma. The results in this study also confirm that the reduction of the fluorescence emission and light scattering of the stroma are consistent with the enzymatic cleavage of the collagen fibers in the extracellular matrix. Under the conditions in this study, the fluorescence emission intensity was very sensitive to the early structural changes of the dermis as the basement membrane was being removed by the dispase. However, the dispase-treated dermis did not show any change in DLP. Conversely, the DLP increased as the Type I collagenase destroyed the underlying Type I and Type III collagens, but the fluorescence emission intensity did not change during this period of prolonged incubation. Fluorescence measurements of the dermis with multiple excitation wavelengths between 350nm and 375nm appear redundant, and the fluorescence anisotropy of the dermis did not change with the enzyme treatment. Therefore, the enzymatic cleavage of the dermal collagens seems to non-differentially destroy the various fluorophores in the dermis due to the action mechanism of the collagenase, and the enzymatic cleavage does not change the physicochemical properties of the remaining fluorophores and their microenvironment. Thus, combined fluorescence emission and polarized reflectance spectroscopy can be used to probe the enzyme-induced structural changes of the extracellular matrix. It should be noted that the model developed in this study was used to solely mimic the breakdown of the extracellular matrix of stromal tissue by tumor progression. This model does not include tumor cells, stromal cells, blood vessels, and other structures which are typical components of in vivo tumor and its surrounding stromal tissue. Increased number and activities of tumor cells and enhanced vasculature are associated with tumor progression. Therefore, further efforts are needed to develop fluorescence and reflectance spectroscopy for in vivo tumor diagnosis.
